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ABSTRACT 
Experimental measurements on heat transfer and flow properties and CFD 
simulations based on the two-fluid model (Eulerian-Eulerian approach) were 
performed in a draft tube continuous spouted bed system. The simulated results on 
the gas-particle flow patterns and the temperature distribution in the bed agreed well 
with our experimental data. 
 
INTRODUCTION 
 
Unit operations involving granular materials such as conveying, drying, heating, and 
cooling of solids, etc., have been used significantly in the chemical and 
pharmaceutical industries. Among them, the drying process can be highlighted, 
since it is one of the critical steps in obtaining a high quality and stable product. 
Perhaps the fluidized bed is one of the most popular dryers due to its high efficiency 
when working with fine particles. However, for large particles (dp > 1mm), fluidized 
beds present poor fluidization conditions (1), resulting in preferred bubble pathways 
that decrease the homogeneity of the bed. 
Another frequently used dryer is the spouted bed (2 – 4) due to its high heat and 
mass transfer rates and good mixing of the solid phase. It is generally applied to 
operations with large particles (dp > 1mm) where fluidized beds are not efficient (1). 
Spouted beds can be operated in both batch and continuous conditions. The 
continuous mode has some important advantages such as higher production 
capacity and lower operating costs. In this configuration, the particles are generally 
fed in the system at the top of the annulus region, resulting in high temperature 
gradients in the bed (5). Alternatively, the particles can be fed at the bottom of the 
bed (5), which has the advantage of keeping the axial symmetry. 
Knowledge of the flow patterns and the temperature distribution in spouted beds is 
important in the search of a more energy efficient dryer. It requires not just 
experimental measurements, but also the use of theoretical models to describe the 
1
Rosa et al.: NUMERICAL AND EXPERIMENTAL STEADY STATE FLOW AND HEAT TRANSFER IN
Published by ECI Digital Archives, 2010
2 
variables that are difficult to obtain experimentally. In the literature, the 
computational fluid dynamics (CFD) simulations have been applied to different fluid-
solid processes, including multi-type particle systems (6, 7). Furthermore, the CFD 
approach has been applied to simulate conventional and draft tube batch spouted 
beds (8-13). Da Rosa and Freire (14) used a CFD model to describe the fluid 
dynamics of a draft tube continuous spouted bed. 
In this study, a two-fluid model (Eulerian-Eulerian approach) and the conservation of 
energy equation were used to simulate the fluid dynamics and heat transfer between 
the gas and the particles in a continuous draft tube spouted bed. The effective 
conductivity of the particulate phase was considered as a function of the particles 
concentration. Two different Nusselt number correlations (15,16) were used to 
calculate the heat transfer coefficient between the phases. The simulated results 
were compared with the experimental data obtained for the fluid temperature in the 
draft tube and annulus sections of the bed as well as for the solids outlet 
temperature. 
 
EXPERIMENTAL PROCEDURE 
 
The experiments were carried out at a constant air inlet temperature of 80 ºC and air 
inlet velocity of 20 m/s. Glass beads were used as a particulate phase, the physical 
properties of which are described in Table 1. Particles were fed to the system at a 
mass flow rate of 0.086 kg/s and 25ºC. Air temperature measurements were 
performed in the draft tube and annulus at different radial and axial positions. 
Protected thermocouples connected to a data acquisition system were used to 
measure the air temperature. The solids outlet temperature was measured by 
collecting the solids in an adiabatic container equipped with a thermocouple. All of 
the experiments were performed in triplicate. 
 
Table 1. Glass beads physical properties. 
Property Description Value 
dp (mm) Particle diameter 3.7 
ρp (kg/m3) Solids density 2500 
αs,lim (-) Packing limit 0.59 
cp(J/kg K) Specific heat 760 
kp (W/m K) Heat conductivity 1.05 
Figure 1 shows the experimental setup. 
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1 – Blower 
2 – Valves 
3 – Flow meter 
4 – Heat exchanger 
5 – Spouted bed 
6 – Solids reservoir 
7 – Solids outlet 
8 – Adiabatic container 
9 – Temperature controller 
10 – Pressure transducers and 
thermocouples connections 
11 – Pressure transducers panel 
12 – Signal conditioner 
13 – A/D converter 
14 - Computer  
Figure 1. Equipment schematic diagram. 
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CFD MODEL EQUATIONS 
 
The Eulerian-Eulerian approach assuming average particle size was used to 
simulate gas-solid flow patterns and heat transfer in a continuous spouted bed. The 
Gidaspow drag model and the granular kinetic theory (17) were used to describe the 
gas-solid momentum transfer and the solid phase behavior. The effects of turbulent 
fluctuations of velocities and scalar quantities in the gas phase were described using 
the dispersed k-ε turbulence model (equations 3, 4 in Table 2) supplemented with 
extra terms dealing with the interphase turbulent momentum transfer.  
The conservation of energy equation (Equation 6 in Table 2) was used for each 
phase. Equation 8 accounts for the heat transfer between phases, the heat transfer 
coefficient described in Equation 9 is based on the Nusselt number. Two Nusselt 
number correlations, Equation 10 and Equation 11, were used in this study.  The first 
one, developed by Gunn (15) for fixed and fluidized beds, is largely applied in CFD 
codes. The second correlation was obtained by Kmiec (16) for conventional spouted 
beds, a system that is similar to the one used in this study. Both equations can be 
applied to a wide range of voidage and Reynolds numbers. 
 
COMPUTATIONAL DOMAIN  
 
The dimensions of our simulated spouted bed were the same as our experimental 
set-up. Furthermore, to reduce computational time, we assumed a 2D axisymmetric 
bed as shown in Figure 2. We also assumed uniform solids inlet and outlet. 
30cm
5cm 
80cm
 
30cm
35cm
6cm
 
Air inlet
Solids inlet 
Draft tube 
Solids outlet
Cylinder 
Air outlet 
Recirculation 
 
Figure 2. 2D computational domain. 
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Table 2. Fluid dynamics and heat transfer model equations. 
Continuity equation  
( ) ( ) 0=⋅∇+∂∂ qqqqq vt rαραρ  (1) 
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Conservation of granular temperature  sΘ  
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Conservation of energy equation for phase q (q = g, s)  
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Enthalpy of phase q (q = g, s)  
∫= qqpq dTch ,  (7) 
Heat exchange between phases  ( )qppqpq TThQ −=  (8) 
Heat exchange coefficient  
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Nusselt number correlation (Gunn, 19), 0.35 ≤ αq ≤ 1 and Rep < 105  ( )( ) ( ) 3/17.023/12.02 PrRe2.14.233.1PrRe7.015107 pqqpqqpNu αααα +−+++−=  (10) 
Nusselt number correlation (Kmiec, 20), 0.35 ≤ αq ≤ 0.95 and Rep < 103     
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BOUNDARY CONDITIONS 
 
The boundary conditions applied to the model are presented in Table 3. 
Table 3. Boundary conditions. 
 
Position Fluid dynamics Heat transfer 
Air inlet Velocity profile (plug flow) Constant temperature 
Solids inlet Mass flow rate 
Solids volume fraction 
Constant temperature 
Solids outlet Pressure outlet 0=∂
∂
n
Tp r  
Air outlet Pressure outlet 0=∂
∂
n
Tq r  
Solids at walls Slip condition Convective heat transfer 
Air at walls Non-slip condition Convective heat transfer 
NUMERICAL SOLUTION 
 
A 2D computational mesh with axial symmetry was used to run our simulations. 
Square cells were used in the entrance, draft tube and cylinder; triangular cells were 
used in all other regions. GAMBIT 2.13 software was used to generate the 
computational grid. The grid spacing between nodes was set at 4mm. 
FLUENT 6.3.26 was used to solve the model equations. This CFD package 
numerical solution is based on the Finite Volume Method, and applies the Phase-
Coupled SIMPLE algorithm to solve the pressure-velocity coupling in multiphase 
Eulerian-Eulerian systems. The second order upwind scheme was used to discretize 
the equations. The under-relaxation factors were set between 0 and 0.4. A transient 
simulation was adopted considering 1x10-3 as the convergence criteria.  
 
RESULTS AND DISCUSSION 
 
Fluid Dynamics 
 
Figure 3 shows the solids volume fraction obtained using CFD for the same 
experimental conditions. The particles flow pattern observed in Figure 3(a) is 
qualitatively similar to the experimental flow pattern. The particles in the draft tube 
that enter from the annulus are preferentially carried near the walls (see Figure 3b). 
Furthermore, our simulations showed that the continuous spouted bed with bottom-
feed particles operates in a dense gas-solid flow. 
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Figure 3. Solids volume fraction for air inlet velocity of 20m/s and solids mass flow 
rate of 0.086kg/s: (a) entire equipment, (b) inside the draft tube. 
 
Heat Transfer 
 
Heat transfer simulations, performed using two different Nusselt number correlations, 
were compared with the experimental data. Figure 4 shows the qualitative behavior 
of the gas-solid heat transfer in the continuous spouted bed obtained using CFD and 
Equation 10 (Figure 4,a) and Equation 11 (Figure 4,b). It can be seen that the air 
temperature drop, observed in the central channel, is higher in the simulation using 
Equation 10, due to the higher heat transfer coefficient. The high temperature drop 
observed in the recirculation region (Figures 4a,b) is caused by the volume 
expansion and the increasing solids concentration. 
 
Figure 4. Air temperature contour plot. (a) model using Equation 10, (b) model using 
Equation 11. 
To better analyze the influence of the heat transfer coefficient calculated from 
Equation 10 and Equation11, the simulated results were compared with the 
experimental air temperature data. Figure 5 shows the simulated and experimental 
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data of the air temperature obtained for the draft tube and annulus sections. The flat 
experimental temperature profile observed in the annulus shows that the system is 
homogeneous, which is indicative of good mixing of the particulate phase. 
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Figure 5. Comparison between our experimental and simulated air temperature as    
a   function of the radial coordinate at different axial positions. 
Looking at Figure 5(a), it can be seen that the CFD simulation, using Equation 10 for 
the heat transfer coefficient, predicted lower gas temperature compared with the 
experimental data. This means that Equation 10 is over predicting the heat 
exchange coefficient. On the other hand, looking at Figure 5(b), one can see that the 
simulation using Equation 11 was able to accurately predict the experimental data. 
Another model analysis was conducted by comparing the experimental and 
simulated solids outlet temperature using Equation 11. The experimental and CFD 
values were 326±3 K and 322 K, respectively. This shows that our CFD model was 
able to accurately predict the experimental behavior. 
 
CONCLUSION 
 
The CFD approach is capable of predicting the qualitative and quantitative behavior 
of the particle flow pattern, mixing, and heat transfer in a continuous spouted bed. 
Using the Kmiec Nusselt number for the heat transfer between the gas and 
particulate phase, our model was able to accurately predict the experimental data on 
heat transfer in our continuous spouted bed. 
 
NOTATION 
CD drag coefficient 
cp specific heat, J/kg K 
dp particle diameter, m 
qF
r
r
 external body force, N/m
3
qliftF ,r
 lift force, N/m3 
qvmF ,  virtual mass force, N/m
3 
Gk,q production of turbulence 
kinetic energy 
g gravitational constant, 
9.81m/s2  
h enthalpy, J/kg 
hpq Heat exchange coefficient, 
W/m2K 
Hbed bed height, m 
k turbulent kinetic energy 
Kgs momentum exchange 
coefficient 
Nu Nusselt number, - 
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 5cm        
 8cm        
 15cm      
 25cm     
A
ir 
te
m
pe
ra
tu
re
 (K
)
Radial coordinate (m)
Draft tube
(a) (b) 
0.00 0.02 0.04 0.06 0.08 0.10 0.12
310
315
320
325
330
335
340
345
350
z(cm)    Exp.   Sim.
 5cm        
 8cm        
 15cm      
 25cm     
A
ir 
te
m
pe
ra
tu
re
 (K
)
Radial coordinate 
Draft tube
(m)
7
Rosa et al.: NUMERICAL AND EXPERIMENTAL STEADY STATE FLOW AND HEAT TRANSFER IN
Published by ECI Digital Archives, 2010
8 
P fluid pressure, N/m2 
qr  conductive heat flux, W/m2 
Qpq heat exchange, W/m3 
Rep particle Reynolds number 
t time, s 
vr  velocity, m/s 
r radial coordinate, m 
z axial coordinate, m 
Greek letters 
α volume fraction 
ε turbulent dissipation rate, 
m2/s3 
µg gas viscosity, Pa.s 
µt,q turbulent viscosity, Pa.s 
ρ particle density, kg/m3 
qτ ′′  Reynolds stress tensor, N/m2 
sΘ granular temperature (m2/s2) 
Subscripts 
g gas 
p particle 
q phase 
s solid 
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